T
he past year or so has witnessed the emergence of a plethora of prokaryotic and eukaryotic genes that are known or predicted to encode previously unidentified DNA polymerases (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Some of these are members of an extended superfamily of prokaryotic and eukaryotic proteins called the UmuC͞DinB nucleotidyl transferase superfamily, named after early discovered prokaryotic members (14, 15) . This superfamily is represented presently by the UmuC, DinB, Rad30, and Rev1 subfamilies (14, 15) . More recently identified polymerases resemble DNA replicative enzymes, and others seem to be related to the Pol ␤ and terminal transferase proteins.
A current working hypothesis is that when highly processive semiconservative DNA replication is arrested at lesions in DNA, the replicative machinery is displaced from the replication fork and replaced by these DNA polymerases. When the offending lesion has been bypassed successfully, the polymerase displacement͞replacement process is reversed, and the replication machinery continues high-fidelity, highly processive DNA synthesis. There is substantial evidence that some of these prokaryotic polymerases are involved in such replicative bypass (translesion synthesis or TLS) of damaged DNA. Hence, the mechanism or mechanisms by which these enzymes function predictably lie at the heart of some types of DNA damage-induced mutagenesis in organisms such as Escherichia coli. A primary example is UmuC protein, one of the members of the UmuC subfamily. This protein complexes with UmuDЈ protein (a proteolytically processed form of UmuD) to form a UmuDЈ 2 C complex that facilitates TLS in the presence of E. coli DNA polymerase III holoenzyme (1) (2) (3) (4) (5) 13) . The UmuDЈ 2 C complex alone (most likely the UmuC polypeptide) is now called DNA polymerase V of E. coli (16) (17) (18) . More recent studies have shown that DNA polymerase V bypasses thymine-thymine dimers, photoproducts, and abasic sites in a highly error-prone manner in vitro (19) . Additionally, this enzyme has poor fidelity on undamaged DNA primertemplates, with error rates of 10 Ϫ3 to 10 Ϫ4 (19), substantially higher than those of most replicative DNA polymerases in vitro (13) .
In addition to DNA polymerase V, a polymerase called DNA polymerase IV of E. coli, the product of the dinB gene and a member of the DinB subfamily, was purified recently (20) . DNA polymerase IV is devoid of 3Ј 3 5Ј exonuclease activity and is strictly distributive in nature. Significantly, with respect to its role in spontaneous mutagenesis in vivo, the enzyme introduces frameshifts on misaligned primer-template substrates, resulting in Ϫ1 frameshift mutations (20) . Most recently, it has been shown that a purified maltose-binding protein-DinB fusion protein is unable to bypass cis-syn thymine-thymine dimers, photoproducts, or abasic sites in template DNA in vitro (19) . Clearly, unlike DNA polymerase V, E. coli DNA polymerase IV is not able to support TLS at sites of chemically altered bases but may be able to support DNA synthesis at misaligned replication forks.
The spotlight is now shifting to the functions of some of the eukaryotic genes and their polypeptide products, in particular the biochemical demonstration that they are indeed DNA polymerases, as well as a consideration of their fidelity, processivity, and ability to support various types of TLS. A consistent theme that is now beginning to emerge is that a number of these DNA polymerases have poor fidelity on normal DNA primer-templates. Interestingly, however, this property may be inconsequential most of the time in living cells, because these polymerases normally may not have access to undamaged DNA. Indeed, the property of limited fidelity may be essential for the primary (and possibly exclusive) biological function of some of these enzymes, which is to negotiate noninstructional types of template damage or conformational distortions to allow normal replication to continue. Furthermore, these enzymes can support this function with relative accuracy or inaccuracy and hence generate mutations or not at such noninstructional sites, depending on the type of lesion and the particular polymerase in question. However, it remains to be proven that the poor replicational fidelity on undamaged DNA of some of these DNA polymerases that are already partially characterized and possibly of others that remain to be characterized is not biologically consequential.
Eukaryotic orthologs of the E. coli dinB gene have been identified in the genomes of the fission yeast Schizosaccharomyces pombe, Caenorhabditis elegans, mice, and humans (14, 15, 21) . The budding yeast Saccharomyces cerevisiae lacks this gene, and there is no obvious dinB ortholog in the genome of Drosophila melanogaster, the sequence of which was completed recently. The human DINB1 and mouse Dinb1 cDNAs have been cloned and partially characterized (14, 21) . In a recent issue of PNAS, Johnson et al. (22) have shown that the polypeptide product of the human DINB1 gene (which has been named pol or pol by different groups; see below) is a DNA polymerase with properties very similar to those of the orthologous enzyme from E. coli. Johnson et al. (22) purified a glutathione Stransferase (GST)-DinB1 fusion protein after overexpression in S. cerevisiae and demonstrated that polymerase activity was inactivated after mutation of highly conserved residues. Like the E. coli enzyme, GST-human DinB1 fusion protein can catalyze extension of a misaligned primer template to generate Ϫ1 frameshifts. Additionally, like its E. coli ortholog, human GST-DinB1 fusion protein is unable to replicate past cis-syn thyminethymine dimers, photoproducts, or abasic sites. Remarkably, the frequency of misincorporation at single nucleotide sites in undamaged primer-template DNA by the human GST-DinB1 fusion protein is 10 Ϫ4 to 3 ϫ 10
Verification of the DNA polymerase activity of human DinB1 protein has been provided independently by (at least) two other laboratories. We have purified fulllength GST-human DinB1 fusion protein to apparent homogeneity and have demonstrated DNA polymerase activity in vitro (W.J.F., V.L.G., and E.C.F., unpublished obser vations). Additionally, Ohmori and colleagues have purified a histidine-tagged truncated form of human DinB1 protein from baculovirus-infected insect cells (H. Ohmori, E. Ohashi, T. Ogi, R. Kusumoto, S. Iwai, C. Masutani, and F. Hanaoka, personal communication). The truncated protein is deleted of the Cterminal 312 amino acids, which includes two C2HC zinc cluster domains (14) , but is nonetheless an active DNA polymerase. As reported by Johnson et al. (22) with the full-length DinB1-GST fusion protein, the truncated protein is unable to replicate past thymine-thymine dimers or photoproducts at enzyme concentrations varying over two orders of magnitude. However, it is able to bypass abasic sites at high enzyme concentrations. This observation underscores one of the major problems associated with the evaluation of all DNA polymerases in reductionist in vitro systems, i.e., their fidelity on both undamaged and deliberately damaged substrates can be influenced significantly by enzyme concentration, template sequence context, and reaction conditions. The Rad30 branch of the UmuC͞DinB superfamily includes the protein products of the S. cerevisiae RAD30 gene and the orthologous human POLH (RAD30A͞XPV) gene, which encode DNA polymerases called pol (refs. 23-28; Table 1 ). In contrast to E. coli DNA polymerases V and IV and human DinB1 protein, human pol (23) and its highly conserved yeast ortholog (25, 28) can replicate across cis-syn thymine-thymine dimers in template DNA, inserting adenines opposite the dimerized thymines. The processivity and fidelity of yeast pol on undamaged DNA templates and on templates containing a single cis-syn thymine-thymine dimer have been examined recently in greater detail (29, 30) . Yeast pol has extremely limited processivity on undamaged primer-templates, incorporating only a few nucleotides during each enzymesubstrate encounter (29, 30) . It is also a highly inaccurate enzyme, replicating undamaged DNA with a misincorporation frequency of Ϸ10 Ϫ2 to 10
Ϫ3
, as measured at single nucleotide sites (29, 30) .
Yeast pol manifests the same limited processivity and high misincorporation frequency opposite a cis-syn thyminethymine dimer as it does on undamaged DNA (30) . Nonetheless, Washington et al. (30) point out that, if the average processivity of the enzyme is four nucleotides in vivo, these properties of the enzyme are sufficient to facilitate accurate bypass of thymine-thymine dimers Ͼ96% of the time. From a biological standpoint, this level of fidelity presumably translates into a mechanism for most often negotiating such lesions accurately at replication forks. Like the yeast enzyme, human pol is also extremely inaccurate when copying undamaged DNA. A GST-human pol fusion protein has been shown to misincorporate nucleotides with a frequency of 10 Ϫ2 to 10 Ϫ3 (31). A recent independent study (32) monitored the average fidelity of purified histidine-tagged recombinant human pol protein by measuring the frequency of all possible 12 mispaired bases generated in vitro. Depending on the particular mismatch measured, pol inserted an incorrect nucleotide for every 18-380 nucleotides synthesized. As is the case with the yeast enzyme (30) , human GST-pol fusion protein copies cis-syn thymine-thymine dimers with the same limited fidelity with which it copies thymine monomers in undamaged DNA (31) .
Hence, in contrast to an enzyme such as E. coli DNA polymerase V, which supports TLS in an inaccurate manner, the biological function of yeast and human pol seems to be most obviously related to the avoidance of errors opposite cis-syn thymine-thymine dimers by catalyzing the incorporation of adenines. The fact of its poor fidelity on undamaged primertemplates in vitro may be irrelevant to its biological function in vivo, as evidenced by the fact that humans endowed with this enzyme activity are much more highly protected from the mutagenic and carcinogenic effects of sunlight than are those without it (24, 25) . However, it remains to be determined whether human pol is in fact ''reading'' dimerized thymine residues in template DNA or is simply following the so-called ''A rule'' by which some DNA polymerases insert adenine residues as the default nucleotide opposite noninstructional lesions. It is also clearly important to determine whether human and yeast pol can support TLS across cytosine-thymine or cytosine-cytosine dimers and, if so, which nucleotides are incorporated most frequently in these situations. Given these caveats and the fact that pol is a highly inaccurate DNA polymerase in general, it is misleading to refer to any type of DNA synthesis supported by this enzyme as errorfree. Indeed, until we have a better understanding of the biological function or functions of all of the DNA polymerases addressed in this commentary, it may be prudent to refrain from using the terms ''error-prone'' and ''error-free'' at all. Similar considerations may apply to E. coli DNA polymerase IV and its human ortholog DinB1 protein. These DNA polymerases may be specifically required to negotiate sites of stalled or arrested DNA replication precipitated by replicational slippage in a manner that frequently introduces mutations. As with pol , the poor fidelity of DinB1 protein on normal DNA may be biologically irrelevant unless the protein is overexpressed. It has in fact been demonstrated that overexpression of the E. coli dinB gene results in a large increase in the frequency of untargeted (spontaneous) mutations in plasmid DNA (reviewed in ref. 3) . Similarly, overexpression of the orthologous mouse dinb1 gene in cultured mouse cells results in an almost 10-fold increase in the level of spontaneous mutations (21) . It remains an intriguing question as to whether the molecular mechanism of mutagenesis associated with overexpression of DinB1 protein is identical to that associated with normal levels of expression. Regardless, it is reasonable to expect that both expression of the human DINB1 and mouse Dinb1 genes and the stability of the polypeptide gene products are tightly regulated.
Additional DNA polymerases have recently been discovered. A paralog of the human POLH gene called POLI (RAD30B) has been shown to encode a protein with DNA polymerase activity designated pol (R. Woodgate, A. Tissier, J. P. McDonald, and E. G. Frank, personal communication; Table 1 Human DNA pol is 41% identical to deoxynucleotidyl terminal transferase, a well known enzyme that is not a true DNA polymerase, because, although it can add nucleotides at the end of a DNA template, it cannot extend a DNA primer in a DNA template-instructed manner. Human pol and deoxynucleotidyl terminal transferase are similar in size, and pol has deoxynucleotidyl terminal transferase activity (33) . However, in contrast to deoxynucleotidyl terminal transferase, the activity of pol is strongly enhanced in the presence of a primer-template (33) . The POLM gene is predominantly expressed in peripheral lymphoid tissues such as lymph nodes, the spleen, and the thymus, suggesting the exciting possibility that pol may be involved in somatic hypermutation, which facilitates maturation and expansion of the antibody repertoire.
Finally, the D. melanogaster MUS308 gene, involved in the repair of DNA crosslinks (34) , has been shown to encode a DNA polymerase (35 What about the biological function of these most recent DNA polymerases? Preliminary studies indicate that like a number of the other DNA polymerases addressed above, pol has weak fidelity (33) . Its ability (and that of pol and pol ) to support TLS of various of types of base damage and structurally altered primer templates remains to be determined. As just mentioned, pol (and͞or possibly one or more of the other DNA polymerases discussed herein) may play a role in somatic hypermutation, and pol may play a role in spermatogenesis. Interestingly, like the human POLL gene (M. García-Díaz, O. Domínguez, L. A. López-Fernández, T. Laín de Lera, M. L. Saníger, J. F. Ruiz, M. Párraga, M. J. García-Ortiz, T. Kirchhoff, and J. del Mazo, unpublished work), the mouse Dinb1 and Poli genes are highly expressed in the testis in a cell lineage-specific manner. (ref. 15 and V.L.G., J. A. Richardson, and E.C.F., unpublished observations).
As is often the case in rapidly emerging fields, there is the potential for confusing the nomenclature of these polymerases and the genes that encode them. Human DinB1 protein has been designated as pol (22) . However, as already indicated, pol is the previously published name of the product of the POLQ gene (35) . Additionally, the products of yeast and human genes called REV1 have all of the hallmarks of the DNA polymerases involved in TLS yet are named deoxycytidyl transferases (37, 38) . Table 1 presents a modified nomenclature for the human DNA polymerases together with existing aliases in the literature, consistent with the longestablished protocol of naming eukaryotic DNA polymerases consecutively according to the Greek alphabet (39, 40) .
